Abstract-Nowadays power supply systems based on photovoltaic cells have two main drawbacks, even the primary energy is free and renewable. They are: production cost and efficiency. In order to increase their efficiency, it should be interesting that the energy transfer between cells and load was done at maximum level. In this paper the use of a sun tracker system is presented as an additional improvement applied to a photovoltaic installation that works under a maximum power point tracking (MPPT) control technique. A 50W-prototype has been assembled. Some experimental results are also included in order to validate the whole system.
I. INTRODUCTION The European Forum for Renewable Energy Sources (EUROFORES) in its 7th
Regarding the use of renewable energies, that declaration contents an important binding target. In 2020 the 20% of total energy consumption in the EU will be based on renewable energies.
The European Union has in 2006 (last available data) largely exceeded its White Paper objective in photovoltaics (PV) (3000 MWp in 2010), reaching 3.4 GWp installed capacity [1] . The dynamic German market being of course responsible for approximately 1300 MWp. Spain is following with more than 60 MWp, Italy with 11.6 MWp, France with 6,4 MWp, Austria with 5 MWp, UK with 2.7 MWp and Belgium with 2,1 MWp. The rest of EU is below that. This capacity consists essentially in grid-connected applications, solar roofs, facades and photovoltaic power plants.
Nowadays, PV plants have two main drawbacks: the high cost of cells production and their low energy conversion efficiency. Commercial modules are assembled with efficiency 6 to 16% depending on their technology. Due to this poor efficiency, strongly dependant on solar radiation level and operating temperature, it is very important to achieve its maximum value. There are two main techniques to get good results. One is the use of control techniques, applied to a switching converter, that force the module to operate in the optimal operating point, that it's the maximum power point tracking (MPPT). The other is the use of electro-mechanical equipments. These equipments allow that PV modules keep the best position to obtain the maximum solar-radiation level during the sunny interval of the day. That is the reason they are known as sun trackers. Fig. 1 shows a basic system. This paper is devoted to present a PV system that includes an MPPT controller and sun tracker equipment. The paper is structured as follows. In section II, the main control techniques are presented. An algorithm based on P&O technique is also full developed. The sun tracker equipment is described in section III. Finally in section IV, some experimental results are also included.
II. MPPT CONTROL TECHNIQUES
The operating point at maximum power in systems based on PV modules depends on solar-radiation level, operating temperature and load current. So that's the reason to develop control algorithms in order to ensure that operating point achieves its optimal value. An excellent paper to read more about those control techniques is [2] . You can find other methods as a modification or combination of those techniques. In this section only the most common techniques will be presented.
A. Overview of MPPT control techniques
Voltage-based MPPT (VMPPT) and current-based MPPT (CMPPT) are known as computational methods [3] . Due to the fact that V-I characteristics of a solar panel are not linear this is modeled using mathematical equations and that model must be valid under different conditions (solar radiation, temperature, drifts, etc). Then partial derivative of power, respect to current, yields to a linear relationship between cells short-circuit current and maximum power current. A similar procedure shows that maximum power voltage and open-circuit voltage have a linear dependence for different solar radiation and operating temperatures. Then those equations are the key to develop CMPPT and VMPPT control techniques.
HC, P&O are called power feedback methods [4] - [10] . These techniques are based on the regulation of PV cells array voltage to follow an optimal set point which is the voltage of maximum power working point. This point is periodically tracked and updated in order to achieve a simple mathematical condition, that is dP/dV = 0, where P and V are respectively output power and output voltage. Due to the power-voltage relationship of a typical PV array, the maximum power point can always be followed if condition dP/dV is kept equal to zero for any solar radiation or temperature. This is possible because to all maximum power points have the same mathematical attribute. This technique as well as HC technique could present oscillation about the MPP and control problems when the system works under strong changes on solar radiation. So, MPP can be achieved doing a comparison between the negative instantaneous conductance (-i/v) and the incremental conductance (Δi/Δv) and force both to get the same value. V REF is the reference voltage at which the PV module is constrained to work. When the MPP is achieved, the operation of the PV module is hold at that point (VREF = V MPP ) unless a change in Δi is detected. This will mean there is a change in the weather conditions and then in the MPP.
B. Perturb & Observe technique
P&O technique has been selected to implement a MPPT control algorithm due to its simplicity and the possibility to introduce improvements.
As it can be seen in Fig. 2 and Fig.3 the point of maximum power (MPP) depends on the radiation level and temperature, so the system is not linear and time-variable. That's the reason to implement the control based on the achievement of dP/dV = 0 that always is related to the MPP, see Fig. 4 .
In this control algorithm PV-output voltage (v K ) and PVoutput current (i K ) are sensed. Then power is calculated (p K ) and compared with the power value calculated in the previous sample (p K-1 ) in order to get Δp K . If the result of Δp K is zero the system is working in MPP. Otherwise and according to the sign of Δp K and to the sign of Δv K the command voltage to control the duty cycle (δ) of the converter (let's say the perturbation), will be decreased or increased in order to force the working point of the PV module towards the MPP. The algorithm is illustrated in the flowchart shown in Fig. 5 Let's analyze case 1. As it can be seen in Fig. 6 , in this situation Δp K >0 and Δv K >0 and then the working point is located on the left of the MPP and now, in sample k, the system is closer to the MPP. So, the new value of command voltage should be higher in order to increase δ and force the converter to move right its working point towards the MPP.
All possibilities are summarized in Table I . v(k)>v(k-1) and p(k)>p(k-1 
III. SUN TRACKER EQUIPMENT
The use of sun trackers schemes in conjunction with MPPT control strategies has been demonstrated very useful in order to get higher efficiency in photovoltaic plants [12] [13] [14] [15] [16] [17] . The basis of sun tracker equipment is to hold the PV array in the best position regarding the sun location during the sunny time. This can be done by means of single axis (azimuth) or dual axes (azimuth and elevation) systems. The system presented in this work belongs to the last category. The sun tracker is formerly composed by a mechanical mainframe that supports the PV array and its electronic control system that allows its movement in two axes. The only part discussed here will be the electronic equipment. It is powered by means of a 12V-12Ah lead-acid battery connected to the PV array through a charger. This provides autonomy of more than 4 days under bad sunny conditions. In this electronic controller, sensors, drives and motors and microcontroller are considered. Additionally, the main program will be summarized.
A. Sensors
The sensor has been designed with two branches of light dependent resistors (LDR) separated by a perpendicular opaque element. When the plate of LDRs is well positioned regarding the sun, there is no shadow and both branches receive the same amount of sunny light and then have the same resistance. In case of bad positioning of the plate there is a shadow in one branch and then the resistance in both branches will be different. See Fig. 7 and Fig. 8 .
In order to provide a voltage proportional to the position, each branch of LDR is connected in series to a fixed resistor. When both voltages have the same value, the PV mainframe is well positioned. In case of difference of voltage, the position is erroneous and it should be modified. 
B.
Drives and Motors The movement of the PV mainframe is implemented in two axes, and then each axis is connected to a permanent magnet DC motor by means of a gear. In order to have better performance and to get future improvements, each motor is controlled by a DC-DC full bridge converter. This converter allows the 4-quadrants operation mode.
C. Microcontroller
The four analog signals coming from light sensors are processed by a 8 bit-microcontroller that includes a multichannel 12 bit ADC. The CPU is full compatible with the assembler programming of 8051. Four digital signals are used to control both converters.
D. Programming
The main program starts with the initialization of variables and ADC configuration. Afterwards, begins a loop that contains routines to check data about azimuth and elevation (Fig.9) . Each routine compare the signals coming from each light sensor and drives the motor in the correct direction until they have the same value. This loop is repeated each 5 minutes. 
IV. EXPERIMENTAL RESULTS
To obtain experimental results a complete system has been assembled. Fig. 10 shows the prototype based on a BP350U-50W p PV module. A 50W-boost converter with the parameters depicted in Table II has also been mounted. The MPPT converter control has been implemented by means of an Analog Devices development card that uses an ADuC 812 microcontroller. The same card has been used in the sun tracker control. The light sensors have been assembled with two branches of three matched LDR GL7649. In order to compare results, a second twin system has been assembled but without the sun tracker option. See, on the left on Fig.11 . Fig. 12 shows experimental data (power) obtained on May the 30 th of 2008. Graphic in blue color is related with the power of first system using the sun tracker, provided that the graphic in red color is according to the second system with fixed position (south oriented). According to these data and comparing both systems the first one delivered 51 % more energy (Wh) than the second. V. CONCLUSIONS This paper presents a summary of the main control techniques used to achieve the operating point at maximum power in systems that include a photovoltaic array as a main power supply. An algorithm based on P&O technique has been developed. Full equipment devoted to achieve a sun tracker function has also been carried out. A whole application, including PV module, boost converter, P&O controller and sun tracker equipment has been designed and implemented.
Experimental results show good performance. Comparing data in terms of energy, the plant performances are rather improved by the use of the sun tracker equipment.
Future work will be oriented to develop enhancements in the control algorithms and carry out more experimental results. Additionally, there is a project of an experimental plant based on wind (1kW) and photovoltaic (3.5kW) energies to be developed during 2009. This plant will be installed on a terrace of the Escuela Universitaria de Ingenieria Técnica Industrial de Terrassa and connected to our research facilities.
